Where did vertebrate genes come from? Here we address this question by analyzing eight completely sequenced land vertebrate genomes and six completely sequenced invertebrate genomes. Approximately 70% of the vertebrate genes can be found in the six invertebrate genomes with the standard homology search criteria (denoted as V.MCL), another ∼6% can be found with relaxed search criteria, and an additional ∼2% can be found in sequenced fungal and bacterial genomes. Thus, a substantial proportion of vertebrate genes (∼22%) cannot be found in the nonvertebrate genomes studied (denoted as Vonly). Interestingly, genes in Vonly are predominantly singletons, while the majority of genes in the other three groups belong to gene families. The proteins of Vonly tend to evolve faster than those of V.MCL. Surprisingly, in many cases the family sizes in V.MCL are only as large as or even smaller than their counterparts in the invertebrates, contrary to the general perception of a larger family size in vertebrates. Interestingly, in comparison with the family size in invertebrates, vertebrate gene families involved in regulation, signal transduction, transcription, protein transport, and protein modification tend to be expanded, whereas those involved in metabolic processes tend to be contracted. Furthermore, for almost all of the functional categories with family size expansion in vertebrates, the number of gene types (i.e., the number of singletons plus the number of gene families) tends to be over-represented in Vonly, but under-represented in V.MCL. Our study suggests that gene function is a major determinant of gene family size.
The invertebrate-to-vertebrate transition was a major evolutionary event in the evolution of the animal kingdom, so there has been much interest in the genetic differences between vertebrates and invertebrates. Ohno (1970) had stressed the contribution of gene duplication to this transition and postulated that two rounds of whole-genome duplication (WGD) occurred in the early evolution of the vertebrates. The existence of multiple copies for many types of genes in vertebrate genomes has been taken as evidence for two rounds of WGD (e.g., the HOX gene clusters and genes near the major histocompatibility complex regions) (Holland et al. 1994; Kasahara et al. 1996) . However, some authors argued for only one round of WGD and a few authors totally rejected the WGD hypothesis (for reviews, see Meyer and Van de Peer 2005; Panopoulou and Poustka 2005) . Recently, Blomme et al. (2006) and Nakatani et al. (2007) have provided further evidence for two rounds of WGD. Regardless of how many rounds of WGD had actually occurred, a significant increase in gene number in vertebrate genomes in comparison to invertebrate genomes is well documented. This gene number expansion contributed to the evolution of vertebrate genomes, including our own.
The question is then, "what are the relationships between vertebrate and invertebrate genes?" To address this question we conduct the following analyses. First, we divide the genes in the eight completely sequenced vertebrate genomes into four groups: (1) V.MCL: Genes that can be found, with standard homology search criteria, in one or more of the six invertebrate genomes that have been completely sequenced with good annotation. (2) V.A50: Genes that are not in V.MCL, but can be found when the homology search criteria are relaxed. (3) VFProk: Genes that are in neither V.MCL nor V.A50, but can be found in one or more of the available fungal or prokaryotic genomes. (4) Vonly: Genes that are none of the above, so that they are putatively vertebratespecific genes. This analysis may give us a rough idea about the origins of vertebrate genes. Second, we compare the family size distributions for the above four groups of vertebrate genes. This analysis may reveal which groups of genes tend to be in a gene family and which groups of genes tend to exist in a single copy (singleton). Third, for V.MCL genes, we conduct a linear regression analysis of vertebrate gene family sizes on the sizes of the orthologous gene families in invertebrates. This analysis may reveal overall gene number expansions and contractions in the vertebrate genomes. Moreover, a Gene Ontology term analysis may reveal whether there is functional bias of the gene families that have been expanded or contracted and whether functional bias exists among the four groups of genes. Fourth, we compute the relative rates of amino acid substitution for proteins in the four groups of genes. This may shed light on whether a fast rate of amino acid substitution is a possible reason why some of the vertebrate proteins cannot be found by a homology search in the invertebrate genomes studied. Finally, we examine the invertebrate genes that are not found to have homologs in the eight vertebrate genomes studied. Blomme et al. (2006) have studied gene losses and gene gains during the evolution of vertebrates, especially with respect to gene number differences between paleotetraploid fish and land vertebrate genomes. In contrast, we examine gene number expansions and contractions in genomes of land vertebrates relative to gene copy numbers in invertebrate genomes. Moreover, while they excluded vertebrate-specific genes, we include such genes and look into their function and evolution.
Results

Vertebrate and invertebrate gene copies and gene types
There are 20,404 gene types (the sum of the number of singletons and the number of gene families) found in the eight land vertebrate genomes (Table 1) . Surprisingly, it is ∼11,000 types fewer than that in the six invertebrate genomes, but the difference is largely due to a large number of genes found only in a single invertebrate genome (i.e., putatively species-specific genes) ( Table 1) . On the other hand, an average vertebrate genome has ∼22% more gene copies than an invertebrate genome, as indicated by a higher average gene copy number per genome of vertebrates (19, 863) than that of invertebrates (16, 383) . Figure 1 shows that under the standard homology search criteria (see Methods), on average, 70% of the genes that are present in one or more of the eight vertebrate genomes have homologs in at least one of the six invertebrate genomes (denoted as V.MCL genes). These V.MCL genes belong to 6264 gene types (Table 1) . Under less-stringent criteria (see Methods), an additional 6.2% of the vertebrate genes have homologs in at least one of the eight invertebrate genomes (V.A50), and an additional 1.5% vertebrate genes have homologs in either fungal or prokaryotic genomes, but not in the invertebrate genomes (VFProk). This leaves ∼22% of the vertebrate genes with no homolog in the nonvertebrate genomes studied (Vonly) ( Fig. 1; Tables 1, 2 ). For the V.A50 and VFProk groups, almost all of the families have only a single vertebrate gene copy (or Ն2 gene copies in only a single vertebrate genome) with a homolog hit in nonvertebrate genomes (data not shown). The proportion of V.MCL genes presented here is similar to that from a recent analysis using a different method (Blomme et al. 2006) and from two versions of Ensembl Compara (v.35 and v.42) .
Proportion of vertebrate genes found in nonvertebrate genomes
In the six invertebrate genomes, on average, ∼60% of invertebrate genes have homologs in at least one of the 12 vertebrate genomes (denoted as I.MCL and I.A50 genes; Supplemental Fig.  1S ). However, a large proportion (62%) of worm genes cannot be found in the 12 vertebrate genomes studied (denoted as Ionly genes; Supplemental Fig. 1S ; Supplemental Table 1S ). When the worm genome is excluded, ∼66% of invertebrate genes are found in at least one of the 12 vertebrate genomes. This proportion remains lower than that of vertebrate genes: The sum of I.MCL and I.A50 genes is 60%-66%, while the sum of V.MCL and V.A50 genes is 76%. Figure 1 . Proportions of vertebrate genes in the four gene groups. For each vertebrate genome on the X-axis, the gene groups are represented, from top to bottom, by segments of a bar for the genes in V.MCL (genes can be found in at least one of the six invertebrate genomes with standard homology search criteria), in V.A50 (genes are not in V.MCL, but can be found in the eight invertebrates when the homology search criteria are relaxed), in VFProk (genes are in neither V.MCL nor V.A50, but can be found in fungal or prokaryotic genomes), and in Vonly (genes are in none of the above three groups). 
V.A50
1250 (443) 1702 (432) 1287 (417) 1714 (415) 1435 (402) 761 (323) 640 (353) 1196 (380)
VFProk
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348 (71) 273 (68) 361 (72) 324 (60) 136 (53) 209 (60) 585 (487) Vonly 6204 (4738) 6646 (4580) 3578 (2668) 5635 (4316) 3424 (2325) 2828 (1559) 4397 (3536) 2729 (1878) Vonly genes shared by
Ն2
vertebrate genomes 3604 (2470) 4065 (2421) 3289 (2397) 3609 (2347) 2991 (1927) 2648 (1387) 2073 (1425) 1787 (1069) All genes 22,371 (11,327) 24,264 (11,165) (Table 2 ). On the other hand, the invertebrate genes that are not found in the 12 vertebrate genomes under study (i.e., Ionly genes) have only ∼7% gene types that can be found in Ն2 invertebrate genomes (1730 gene types with a total 6987 gene copies); the other 23,071 gene types (a total of 30,891 genes) are found in only one of the six invertebrate genomes under study (Table 1) . Similarly, a small proportion of Ionly genes within an invertebrate genome are shared with another invertebrate genome (Supplemental Table 1S ). In particular, the proportions for the two-mosquito and the fruitfly genomes are ∼25%-48%, whereas those in the other genomes are <5%. Almost all (∼99%) of Ionly genes in the worm genome are putatively worm-specific genes. Therefore, the worm genome contributes ∼21% to the total Ionly gene types, while the other five invertebrate genomes each contribute only ∼15% (Supplemental Table 1S ). Figure 2 shows that the Vonly genes are mainly singletons, but only a small proportion of the V.MCL genes are singletons (∼62% vs. ∼25%). The proportion of singletons in Vonly increases to >85% for those found in a single vertebrate genome and decreases to ∼55% for those found in Ն2 vertebrate genomes. On average, 14% of gene copies in a vertebrate genome are Vonly singletons; the human, mouse, cow, and chicken genomes have a larger proportion (17%-20%) than do the dog, opossum, platypus, and frog genomes (8%-12%). The distribution patterns of the V.A50 and the VFProk genes resemble that of the V.MCL genes in that a large proportion of the genes are in multigene families (63%-65%). However, a large proportion (80%) of frog's VFProk genes are singletons (Fig. 2) , and the proportion of frog's VFProk genes is larger than that of the other vertebrate genomes (Fig. 1) .
Family size distribution of vertebrate genes
Family size distribution of invertebrate genes
Similar to the vertebrate genomes, the majority of the Ionly genes, which are genes that are not found in vertebrates, are singletons, whereas only small proportions of the I.MCL and I.A50 genes are singletons (Supplemental Fig. 2S Fig. 2S ). In particular, a larger proportion of Ionly genes in the worm and the sea urchin genomes (36% and 30%, respectively) form multigene families than do the other invertebrate genomes (14%-17%).
Gene copy number difference between vertebrates and invertebrates
A positive correlation in average family size between vertebrates (n v ) and invertebrates (n i ) is observed with an estimated slope (␤ 1 ) = 1.15 (R 2 = 0.63) and 0.92 from the simple linear regression model and the robust linear regression model, respectively (Fig.  3) . The n i was set to 1 for those families whose average family size over the six invertebrates is <1, because at least one gene copy should have existed in the common ancestor of vertebrates. The estimated slopes are ∼1 and the intercepts are close to 1, so that the regression lines are close to the line n v = n i . This observation suggests that the family size in the vertebrates is largely determined by the family size in the invertebrates and that in many cases the family sizes in the vertebrates are smaller than those in the invertebrates. However, 46% of the points are located above the n v = n i line, while only 39% are below the line, so that the average family size in the vertebrates is larger than that in the invertebrates (the means of n v and n i are 2.21 and 1.77, respectively; P = 7.77 ‫ן‬ 10
‫62מ‬
, the Student's two-sample paired t-test).
Vertebrate gene expansion vs. the number of invertebrate genomes sharing homologous genes Figure 4 shows the distribution of average family sizes in the eight vertebrate genomes (n v ) of the V.MCL families that are grouped by the largest family size of homologous genes in the six invertebrate genomes (singleton, two-gene family, or multigene family) and by the number of the invertebrate genomes in which the homologs can be found. On average, family size has expanded more for the vertebrate families homologous to invertebrate multigene families than for the families homologous to invertebrate singletons. Also, vertebrate family size has expanded more for the families that have homologs present in a larger number of the invertebrate genomes. In particular, a larger vertebrate family size expansion is observed for those gene families that have homologous multigene families in the invertebrate genomes. For the vertebrate genes that are homologous to invertebrate multigene families, the mean (median) of n v is 15.6 (11.6) for the vertebrate genes with homologs found in all six invertebrate genomes, but is only 2.1 (1.4) for the vertebrate genes with homologs found in Յ2 invertebrate genomes.
Gene copy number difference between vertebrates and invertebrates by functional categories
As noted above, the average family sizes are, in many cases, similar for vertebrate and invertebrate genes (Fig. 3) . However, we now investigate whether a difference in family size between vertebrates and invertebrates exists in some functional categories. The slope of a linear regression model for a specific functional category is an indicator of how the family sizes in the vertebrate genomes differ from those of the invertebrates. The slopes from linear regression models between n v and n i are indeed ∼1 for most of the biological processes. However, slopes >1 are observed for the genes involved in transcription, regulation of biological process, signal transduction, protein transport, protein modification, organelle organization and biogenesis, and cellular component organization and biogenesis (Fig. 5) . Although the 95% confidence interval of the bootstrapped slopes for some of these categories includes 1, the mean of the bootstrapped slopes is >1. Some functional categories (e.g., cell cycle and multicellular organization and development) have a relatively high mean of bootstrapped slopes, though the 95% confidence intervals include 1 in both simple and robust linear regression models. On the other hand, some processes (e.g., metabolic processes and electron transport) have a slope <1. Similarly, the proteins localized to nucleus, chromosome, intracellular, and protein complex have a slope >1 in the linear regression model, while the proteins localized to mitochondrion or annotated with a "cell" term have a slope <1 (Supplemental Fig. 3S ). The pattern for molecular function categories, in general, recapitulates the categories in the biological processes (data not shown).
Functional bias in vertebrate gene groups
The patterns of functional bias for the number of gene types and for the number of gene copies are similar, though more significantly differential categories are observed for gene copy number than for gene type number, because there are more gene copies than gene types (see Supplemental materials). Here, we present the patterns of functional bias for the number of gene types and indicate those cases for the number of gene copies where they are different (for the complete results on the number of gene copies, see Supplemental materials and Supplemental Figs. 4S and 6S). In general, the functional categories that are significantly overrepresented (under-represented) in the Vonly genes are significantly under-represented (over-represented) in the V.MCL genes ( 2 test, FDR <0.05) ( Fig. 6 ; Supplemental Figs. 4S, 6S). The top eight biological processes that the number of gene types are significantly over-represented in Vonly are involved in signal transduction, regulation of biological process, transcription, ion transport, responses to external, biotic and abiotic stimuli, response to stress, and multicellular organismal development (Fig. 6) . The gene types in these functional categories are significantly underrepresented in the V.MCL genes. Note that, contrary to functional bias for the number of gene types, the number of gene copies involved in transcription is significantly over-represented in V.MCL and under-represented in Vonly (see Supplemental materials). On the other hand, the genes that are involved in translation, protein modification, biosynthesis, cellular component organization and biogenesis, and metabolic processes tend to be over-represented in V.MCL but under-represented in Vonly. For V.A50 and VFProk, a significant functional bias for the number of gene types is found in only a few functional categories. For example, the V.A50 genes involved in signal transduction and cell growth are over-represented. A significant functional bias for the VFProk genes is found in similar biological process categories as those for the V.MCL genes, except for those involved in transport and protein modification.
In terms of cellular localization, the number of gene types of proteins localized to extracellular region, extracellular space, plasma membrane, and chromosomes are over-represented in Vonly, but under-represented in V.MCL (Supplemental Fig. 5S ). On the other hand, the number of gene types of those proteins localized to intracellular space, cytoplasm, mitochondrion, ribosomes, and nucleus are over-represented in V.MCL, but underrepresented in Vonly. Similar to the biological process, a signifi- 
Functional bias in invertebrate gene groups
Similar to the pattern of vertebrate genes, the functional categories that are significantly over-represented (under-represented) in Ionly are significantly under-represented (over-represented) in the I.MCL genes ( 2 test, FDR < 0.05; Supplemental Figs. 7S-10S). Almost all functional bias categories are similar to those in the vertebrate genomes; however, the invertebrate genes involved in transcription do not show a significant difference in the number of gene types from the overall average for any of the invertebrate gene groups, but do show a significant difference in the number of gene copies (see Supplemental Fig. 8S) . Moreover, the number of invertebrate gene types involved in multicellular organismal development and anatomical structure morphogenesis is significantly under-represented in Ionly, but over-represented in I.MCL; as noted above, these functional categories are over-represented in Vonly (Supplemental Fig. 7S; Fig. 6 ). However, the number of invertebrate gene copies of these two functional categories is significantly over-represented in Ionly and under-represented in I.MCL (Supplemental Fig. 8S ; also see Supplemental materials).
Faster evolution of Vonly genes
As described above, we found that ∼8% of vertebrate genes have homologs in nonvertebrate genomes only when queried under less-stringent criteria than standard searches (the sum of the V.A50 and VFProk genes) ( Fig. 1; Tables 1, 2 ). This suggests that many vertebrate genes might be fast evolving, and therefore are not found to have homologs in invertebrates according to the standard family construction method. Comparing the protein distances of the human-mouse ortholog pairs, we find that although the distributions of the uncorrected protein distances (i.e., the proportion of mismatched residues) in the four vertebrate gene groups are all positively skewed, these distributions are significantly different from one another (P << 0.05, Kolmogorov-Smirnov [KS] test), except between V.A50 and VFProk proteins and between Vonly and VFProk proteins (P >> 0.05, KS test). The proportions of the ortholog pairs with protein distances Յ0.25 are 86%, 67%, 37.5%, and 44% for the V.MCL, V.A50, VFProk, and Vonly proteins, respectively (Fig. 7) . The distribution of the protein distances for the Vonly group has the largest mean and median (0.29 and 0.27), while that for the V.MCL group has the smallest values (0.15 and 0.13). The protein distance values for ortholog pairs in Vonly and VFProk (or in V.A50) are approximately two times (or ∼1.4 times) larger than those for ortholog pairs in V.MCL. The difference in the protein distance distributions among the vertebrate homologous families suggests that, on average, the V.MCL proteins have evolved at the slowest rate, whereas the Vonly proteins have evolved at the fastest rate.
Discussion
Origins of vertebrate genes
In our analysis, the majority of vertebrate genes can be traced back to nonvertebrate genomes. Indeed, 76% of the vertebrate Figure 4 . The boxplot of the average vertebrate family sizes (n v ) grouped by the largest family size of homologous genes in the six invertebrate genomes and by the number of the invertebrate genomes where homologous copies can be found. The X-axis shows the largest family size of homologous genes in the six invertebrate genomes (singletons, two-gene families, and multigene families are represented by light-gray, medium gray, and dark-gray, respectively) and also the number of the invertebrate genomes in three groups (present in only one or two invertebrate genomes, in three to five invertebrate genomes, or in all six invertebrate genomes).
genes have homologs in the invertebrate genomes (i.e., the V.MCL and V.A50 groups). In addition, ∼1.5% of the vertebrate genes have homologs in the fungal or prokaryotic genomes (i.e., the VFProk group), though they do not have a homolog in the invertebrate genomes studied. For the genes in VFProk, the absence of a homolog in the invertebrate genomes studied may reflect the absence of a true homolog due to gene loss in invertebrates (probably because they are nonessential in these invertebrate genomes under study). Or, it may be due to faster sequence evolution in invertebrate lineages, so that homology has become too low to be recognized by the search methods used. Indeed, protein sequences in the VFProk group tend to have a higher amino acid substitution rate than those in the V.MCL group (Fig. 7) . A third possibility is lateral gene transfer (LGT) from fungal or prokaryotic genomes to vertebrates, but this possibility may not be important because LGT from prokaryotes to the animal germ line is extremely rare. Moreover, some genes in either V.A50 or VFProk groups might have experienced domain shuffling, leading to group misclassifications.
The remaining genes (i.e., the Vonly group) have no homolog found in the nonvertebrate genomes studied. Some of these genes might be artifacts of gene annotation. However, if a Vonly gene is an annotation artifact, it is likely to be "species specific." But, the majority (68%) of the Vonly gene copies (∼64% of the Vonly gene types in an average vertebrate genome) ( Tables 1, 2) can be found in at least two of the eight vertebrate genomes studied, and transposable element-like genes were excluded in our analysis. Thus, annotation artifacts probably contribute to only a small fraction of these genes. A second possible reason is sequence divergence. Indeed, among the four groups, proteins in Vonly have, on average, the highest amino acid substitution rate. Some of the Vonly proteins will likely be moved to the other groups when more nonvertebrate genomes are sequenced. Finally, some of the Vonly genes may have arisen de novo in vertebrates, though de novo gene creation is rather rare (Long et al. 2003) and new vertebrate genes have arisen mainly from retrotransposition of extant genes (Marques et al. 2005) . So, there are still many uncertainties about the origins of Vonly genes.
Family size distribution
It was noted above that the Vonly genes are predominately singletons, whereas the genes in the other three gene groups mainly belong to gene families (Fig. 2) . This suggests that the Vonly genes have a lower gene duplicability than do the non-Vonly genes, or that some Vonly genes are too young to have accumulated duplicates (the proportion of duplicates is 38% vs. 73%-76% for Vonly and non-Vonly, respectively).
The family size distribution differences among the four vertebrate gene groups may be in part produced by accelerated evolution right after duplication (Lynch and Conery 2000; Kondrashov et al. 2002) and asymmetric evolution between the two duplicate genes. Asymmetric evolution is observed for many young duplicates in human and fish genomes, where one copy has evolved fast, while the other shows a slow rate (Conant and Wagner 2003; Zhang et al. 2003; Steinke et al. 2006) . Duplicate copies that have resulted from ancient gene-duplication events may now have sequences that are no longer recognizably similar, and thus are defined as single-copy genes in a genome. This substantial change in sequences may further lead to undetectable homology in nonvertebrate genomes (i.e., Vonly singletons). Some genes also lost sequence homology in other vertebrate genomes, as seen by a large proportion (78%) (Table 1) of the Vonly gene types found in only one of the eight vertebrate genomes. Almost all (>90%) of these gene types are singletons, making up approximately one-fifth of genes in some genomes (see Results). This pattern may also be in part due to incomplete genome assembly and inaccurate annotation, although these two factors may not be important, because the majority of these Vonly genes are found in more than one of the vertebrate genomes studied (see above). Some Vonly genes formed multigene families by subsequent duplications. The larger proportion of multigene-family genes in VFProk and V.A50 than in Vonly might be in part due to a slower rate of VFProk and Figure 5 . The slopes from a simple linear model (A) and a robust linear model (B) for the regression of the average vertebrate family size (n v ) against the average invertebrate family size (n i ) for each GOSlim biological process category in the V.MCL gene families. The error bar represents the 95% confidence interval of a slope from 1000 bootstrap replicates (see Methods). The slope from the original data and the mean of the bootstrapped slopes for each category are indicated by the circular and triangular points, respectively. The X-axis shows the biological process categories with the Pvalue < 0.01 for the null hypothesis of the estimated slope = 0 in either the simple linear model or the robust linear model, indicating a significant correlation between n v and n i . These categories are ordered by the mean of their bootstrapped slopes in A. Most of the proteins with GOSlim in the "biological_process" category are those involved in cell adhesion, response to stimulus, sensory perception of smell, immune response, homophilic cell adhesion, and defense response. Furthermore, most of these gene families are also assigned to other GOSlim categories (mainly to signal transduction, regulation of biological process, response to stress, or multicellular organismal development).
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Cold Spring Harbor Laboratory Press on December 21, 2017 -Published by genome.cshlp.org Downloaded from V.A50's protein sequence evolution and more duplications of these genes than that of Vonly. Clearly, however, most members of the homologous families in V.A50 and VFProk have greatly diverged from homologs in the non-vertebrate genomes, because under less-stringent homology search criteria, almost all of the families in these groups have a single vertebrate gene copy with a homolog in nonvertebrate genomes.
Similar to the Vonly genes, the majority of the Ionly genes are singletons, except for those in the sea urchin and the worm genomes (Supplemental Fig. 2S) . The large proportion of the multigene-family Ionly genes in the sea urchin and the worm genomes have likely resulted from lineage-specific expansions in these two lineages (Supplemental Table 1S ). Our results clearly suggest that, unlike the Vonly genes, a large proportion of the Ionly genes in each invertebrate genome are putatively speciesspecific genes with the largest proportion of the Ionly gene types from the worm genome (Supplemental Table 1S ). Though the observed difference between the Ionly and Vonly genes is expected in view of the larger time depth of divergence among invertebrate genomes than that among vertebrate genomes, many of the Ionly genes may have lost (because they are nonessential) or become specialized in invertebrate genomes. Also, incompleteness and errors in genome annotation can contribute to this pattern.
Gene family expansions and contractions
Contrary to the common view of a larger family size in vertebrates than in invertebrates, our linear regression analysis reveals that many gene families in the vertebrates are smaller than their invertebrate counterparts and that a large gene family in the vertebrates was often already a large gene family in the invertebrates (Fig. 3) . However, the number of families above the n v = n i line is larger than the number below the line, suggesting that a number of gene families have expanded in vertebrates. This observation is supported by: (1) a larger average family size in the vertebrates than in the invertebrates (the means of n v and n i are 2.21 and 1.77, respectively), and (2) the distribution of n v /n i is skewed toward a larger number of gene copies in the vertebrates than in the invertebrates, although the peak is at n v /n i = 1 (data not shown). These results are consistent with previous observations using raw counts of gene copies in a vertebrate and an invertebrate (e.g., Lander et al. 2001; Venter et al. 2001) . As previously reported, many duplicates in extant vertebrate genomes have ancient origins in the common ancestor of tetrapods and fish (paleoploidy events) (e.g., Vandepoele et al. 2004; Dehal and Boore 2005; Panopoulou and Poustka 2005; Blomme et al. 2006) . Thus, for the majority of genes, the family size is similar in vertebrate and invertebrate lineages, though some genes have a larger family size in vertebrates than in invertebrates. This observation implies that if one or two rounds of WGD had indeed occurred in the early vertebrates, then most of the duplicate genes had become lost.
Our result reveals that expansion of vertebrate genes has occurred more frequently for vertebrate genes that are homologous to invertebrate multigene families, whereas vertebrate genes that are homologous to invertebrate singletons tend to be singletons too (Fig. 4) . Duplicability of some gene types may be under functional constraints, and these genes exist as singletons. Interestingly, a larger average vertebrate family size expansion is observed for the vertebrate genes that are present in a larger number of the invertebrate genomes studied (Fig. 4) .
Functional bias is observed among the four vertebrate gene groups and is associated with family size differences between vertebrates and invertebrates (Figs. 5, 6; . Genes with a larger family size in the vertebrates than in the invertebrates (i.e., those functions with a slope >1) are involved in the organelle organization and biogenesis, cellular component organization and biogenesis, protein transport, protein modification, transcription, regulation of biological process, and signal transduction along with those localized to nucleus, chromosome, and protein complexes. On the other hand, those genes with a smaller family size in the vertebrates than in the inverte- and VFProk gene groups (represented, respectively, by the diamond and square points) at bottom. The significant functional bias categories at the 5% false discovery rate are marked by S. The magnitude for the under-or over-represented families (below or above 0, respectively) from the overall average is indicated on the Y-axis. Most of the proteins with GOSlim in the "biological_process" category are those involved in cell adhesion, response to stimulus, sensory perception of smell, immune response, homophilic cell adhesion, and defense response. Furthermore, most of these gene families are also assigned to other GOSlim categories (mainly to signal transduction, regulation of biological process, response to stress, or multicellular organismal development). (MP) Metabolic process; (O & B) organization and biogenesis.
brates (with a slope <1) belong to the electron transport and metabolic processes, and they are largely localized to mitochondrion. These genes generally perform cellular housekeeping tasks. Clearly, these results imply strong functional bias of differences in gene duplicability between vertebrates and invertebrates and suggest that gene function is an important determinant of gene duplicability in these genomes. Furthermore, our finding suggests that different gene duplicabilities between vertebrates and invertebrates are better described by gene function than by organismal complexity (Yang et al. 2003) .
Some functional categories that have a higher gene duplicability in vertebrates than in invertebrates (e.g., signal transduction and multicellular organismal development) are significantly over-represented in Vonly (but under-represented in V.MCL), while others are significantly under-represented in Vonly (but over-represented in V.MCL). On the other hand, the functional categories that have a lower gene duplicability in the vertebrates than in the invertebrates are over-represented in V.MCL (e.g., metabolic processes). Based on a scenario of accelerated evolution of duplicates, some of the genes in certain functional categories with a high gene duplicability in the vertebrates may have experienced rapid evolution, and thus, these sequences have become much diverged from the homologous sequences in invertebrate genomes. Such genes may be involved in transcription, regulation of biological process, signal transduction, response to various stimuli, or multicellular organismal development. Also, rapid protein sequence evolution of invertebrate genes in some corresponding functional categories (e.g., signal transduction or response to various stimuli) has likely occurred because such categories are over-represented in Ionly (see Results). Therefore, this process might have created gene families that are (functionally) specific to each taxon. A similar scenario was observed for the formation of lineage-specific gene families in mammalian genomes through rapid divergence of duplicates from previously existing families (Demuth et al. 2006) . The overrepresentation of similar GO categories in both Vonly and Ionly could also be an indication that the failure to detect homology between these two groups was in part due to faster rates of sequence evolution in these GO categories than in others (such as metabolism). However, vertebrate genes involved in translation, protein modification, cellular component organization, and biogenesis processes may have protein sequences that evolve at a slow rate (possibly under functional constraints), and thus the majority of these genes can still be found in nonvertebrate genomes (i.e., the V.MCL genes). Furthermore, it is of interest to note that gene types for some of the functional categories that have a higher gene duplicability in vertebrates than in invertebrates are under-represented in Ionly and are over-represented in I.MCL, but the number of gene copies in these functional categories is over-represented in Ionly and under-represented in I.MCL (see Supplemental Figs. 7S, 8S; e.g., multicellular organismal development and transcription). This suggests that most of the invertebrate genes in these functional categories, relative to those of vertebrates, might have also expanded (relatively high number of gene copies in Ionly) but have not diverged much (relatively low number of gene types in Ionly). Based on our results, we favor the explanation of rapid divergence of duplicates of the families in these functional categories with a higher gene duplicability in vertebrates than in invertebrates. However, further analyses are needed to address this issue.
A higher gene duplicability in vertebrates than in invertebrates for these functional categories (e.g., transcription, transcription regulation, developmental control, and signal transduction pathways) may signify their contribution to an evolutionary leap in organismal or morphological complexity from invertebrates to vertebrates. For example, correlation between changes in the Hox gene numbers and the diversity in structures from the head to tail axis between amphioxus and large vertebrates is often cited as a potential example of this phenomenon (Holland and Garcia-Fernandez 1996) . Recently, a significant retention of duplicate genes involved in transcriptional regulation was suggested to have contributed to the organismal complexity of vertebrates (Blomme et al. 2006) . Further, the increase in the copy number of transcription factor genes was found to be much larger than that in all gene numbers in bacterial and eukaryotic genomes (van Nimwegen 2003) . For the ray-finned fish lineage, many of the transcription factor and ATP-binding genes have expanded and evolved at particularly fast rates, where one paralog has undergone adaptive changes (Steinke et al. 2006) . Moreover, positive selection has been found to act on genes in some functional categories. Such genes, for example, are involved in the immune defense system (Ig heavy chain 22, major histocompatibility complexes; Hughes and Nei 1988) , external environmental sensing (e.g., olfactory receptors; Sharon et al. 1999), apoptosis (caspase proteins; Vallender and Lahn 2006) , and eye lenses (-crystalline; Hughes 1994) .
For the genes that are highly expanded in vertebrates (e.g., transcription, transcription regulation, signal transduction, and development), most have been retained from ancient duplica- 
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www.genome.org tions in the lineage leading to vertebrates (possibly from wholegenome duplication events; see Gu et al. 2002a; McLysaght et al. 2002; Blomme et al. 2006) . This may suggest that most gene families in these gene functions became diversified and stabilized during the early evolution of vertebrates. Large expansions of gene families have often been interpreted as cases of positive (adaptive) selection, though an expansion could be the result of relaxed selection. Recently, Shiu et al. (2006) provided evidence that positive selection may have played a more important role in duplicate retention than the neutral process via duplicationdegeneration-complementation (DDC) model (for the DDC model, see Force et al. 1999) . Nonetheless, the retention of some vertebrate duplicates has been suggested as evidence for the DDC model (see Prince and Pickett 2002) . While this issue awaits further investigation, adaptive evolution may have played an important role in determining different gene duplicabilities between vertebrates and invertebrates. Hubbard et al. 2007 ). The annotated sea urchin (Strongylocentrotus purpuratus; Spur_v2.1) and honey bee (Apis mellifera; Amel_4.0) genomes, as well as all Archeae and Eubacteria genomes, were obtained from GenBank (January 16, 2007 ; ftp:// ftp.ncbi.nih.gov/genomes/). The 11 fungi genomes were downloaded from GenBank and their respective genome project websites (http://agd.unibas.ch; http://cbi.labri.fr/Genolevures/ index.php; http://www.yeastgenome.org/). If a gene had splice variants, only the longest polypeptide was used. The chimpanzee (Pan troglodytes) and rat (Rattus norvegicus) genomes are not included in the analyses, because the chimpanzee sequence is not of high quality yet and is very close to that of human, and because the quality of the rat genome sequence is not as high as that of mouse. Since the number of annotated genes in a genome is dependent on the quality of the genome assembly, the other mammalian genomes that have a lower sequencing coverage Loxodonta africana (African savanna elephant) and Oryctolagus cuniculus (rabbit) are not included in our analyses. For simplicity, the results of our analysis of the four paleotetraploid fish genomes are not presented, but our conclusions do not change qualitatively when they are included.
Methods
Genomic data and annotation
Gene ontology (GO) (http://www.geneontology.org; Gene Ontology Consortium 2006) and InterPro annotations for the vertebrate genomes were downloaded from Ensembl. For genes without any GO annotation, the functional assignment was derived, when available, from InterPro2GO (downloaded on February 15, 2007) . Because gene functions of two duplicates may rapidly diverge, potentially caused by as few as a single codon change, assigning functions to a gene family as a unit may not capture such rapid functional divergence of duplicates. To ensure that the functional categories assigned to a gene family reflect ancestral or common functions of the entire family, we used the broader functional classification (GOSlim; downloaded on February 15, 2007) of a gene family and required Ն25% of the genes within a family to be associated with that functional category. For some proteins, their GOSlim classification is mapped to the top most level (e.g., the biological_process category of the GO biological process aspect; see respective figure legends for detail).
Homology searches and gene family construction
An all-against-all BLAST search of 354,468 proteins (excluding mitochondrial genes) from the genomes of the 12 vertebrates (the eight tetrapods and the four fishes) and six invertebrates (ciona, sea urchin, fruitfly, African mosquito, yellow fever mosquito, and worm) was performed in which the query sequences were masked by CAST (Promponas et al. 2000) . Hits with E < 10 ‫5מ‬ were retained for gene family clustering using the Markov Cluster (MCL) algorithm (van Dongen 2000; Enright et al. 2002) with Ensembl parameter settings. The inflation parameter (I), which determines the tradeoff between the number of families and the size of families, was set at 2.3, as commonly used in Ensembl; similar results were observed for a range of other values. Using known transposable element sequences (downloaded from Swiss-Prot Protein Knowledgebase, http:// expasy.org/sprot/, on June 2, 2007) to BLAST against the protein database of vertebrate and invertebrate genomes at E < 10
‫5מ‬
, we excluded any protein that has a homology with a transposable element if the alignable region to transposable element is Ն50% of the length of the protein.
Vertebrate genes or families with no homolog in the six invertebrate genomes were subjected to further searches for homologs in nonvertebrate genomes (all eight invertebrate, 11 fungal, and 436 prokaryotic genomes were used) by less-stringent search criteria than above: homology is assumed without a limit on E-value from BLAST hits if any protein in such a family can be aligned via BLAST with a protein in the nonvertebrate genomes for Ն50% of the longer protein length and if an identity score of the two aligned proteins is at least as large as that defined by Gu et al. (2002b) (at least 30%). By the MCL and less-stringent homology searches, the vertebrate genes are divided into four gene groups: (1) Genes that can be found in one or more of the six invertebrate genomes by the MCL analysis (denoted as V.MCL); (2) Non-V.MCL genes that can be found in one or more of the eight invertebrates under the less-stringent homology search criteria (denoted as V.A50); (3) Genes that are in neither V.MCL nor V.A50, but can be found in one or more of the fungal or prokaryotic genomes (denoted as VFProk); and (4) Genes that are in none of the above three gene groups (denoted as Vonly), i.e., putative vertebrate-specific genes. Similarly, the genes in the six invertebrate genomes are divided into three groups: (1) Genes that have homologs in V.MCL or can be found in the four paleotetraploid fish genomes (denoted as I.MCL); (2) Non-I.MCL genes that have at least one member homologous to vertebrate V.A50 genes (denoted as I.A50); and (3) Genes that are in neither I.MCL nor I.A50 (denoted as Ionly).
Family size analysis
For a genome of interest, a gene type (a single-copy gene or a gene family) was classified into one of the following three groups by its size in the genome: (1) a singleton is a single-copy gene, (2) a two-gene family has two copies, or (3) a multigene family has Ն3 copies. Note that even a singleton is regarded as a gene family in this study.
For each V.MCL family, we calculated the average family size across the eight vertebrate genomes (n v ) and across the six invertebrate genomes (n i ). In the families with average family size among the six invertebrate genomes <1, the value of n i was set to 1 in the regression analysis for the reason that at least one copy of a V.MCL gene must be present in the common ancestor of all vertebrates. That is, we used each n i to estimate the number of genes in that gene family in the common ancestor of extant vertebrates. Therefore, a linear regression of n v on n i is equivalent to a regression of n v on the gene number in the common ancestor of extant vertebrates. The slope of a linear regression model indicates whether a relationship exists between the family sizes of vertebrates and invertebrates and can also be used as a measure of how the family sizes in the extant vertebrate genomes change, on average, when compared with those of the invertebrates. We used both a simple linear model and a robust linear model (an M-estimator with the Huber weight method) where n v = ␤ 0 + ␤ 1 n i in the R statistics package (version 2.1.1) (R Development Core Team 2006). The simple model assumes a normal distribution, while the robust model minimizes poor performance of the mean least square error in the simple linear model when outliers are present. We generated 1000 (for families grouped by GOSlim) or 10,000 (for all families) bootstrap replicates, where each replicate is generated by sampling {n* v , n* i } pairs from {n v , n i } with replacement (i.e., random-x resampling). Estimates of ␤ 0 and ␤ 1 for each bootstrap replicate (denoted as ␤ 0 * and ␤ 1 *, respectively) were used to obtain 95% confidence intervals (the percentile method) and P-values of these estimates. The P-values were obtained by increasing the (1 ‫מ‬ ␣) confidence interval until the interval is just large enough to include the null hypotheses of ␤ 0 = a or ␤ 1 = a, where a is 0 or 1. Thus, the P-values = ␣ are obtained by 
Distance between two orthologous proteins
For gene families with homologs in both human and mouse (but no more than 20 homologs in either genome, a condition set to avoid alignment difficulties), the human-mouse orthologs were retrieved from Ensembl Compara (v. 42) and aligned with MUSCLE (Edgar 2004) . Pairwise uncorrected protein distances were obtained by the distmat program in the EMBOSS package (Rice et al. 2000) .
